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Materials and Methods: 
 
Phylogenetic tree construction  
Small subunit ribosomal RNA sequences (242 total) were downloaded from SILVA (34). Species 
that produce antibiotics in response to P limitation and those in which phoB/P or phoR regulation 
has been shown are typically represented at the species level because sequences were not available 
for all specific strains, and in the case of some Actinobacteria and Firmicutes the exact strain used 
in experiments could not be always be identified from literature citations. See Table S1 for citations 
and details. Sequences were aligned with the SINA aligner (35) and a phylogenetic tree was 
constructed with RAxML (33) and rendered in iTOL (36). 
 
Continuous culture conditions  
Wild type strains of Pseudomonas aeruginosa UCBPP-PA14, Pseudomonas aureofaciens 30-84, 
Pseudomonas fluorescens 2-79, Pseudomonas chlororaphis PCL1391, Burkholderia thailandensis 
E264, and Serratia ATCC39006 (formerly S. marcescens) were grown in defined medium 
containing: 4.1 x 10-4 M MgSO4・7H2O, 6.8 x 10-4 M CaCl2 ・2H2O and either 4 x 10-2 M glucose 
(P. aureofaciens, P. fluorescens, P. chlororaphis, and B. thailandensis), succinate (P. aeruginosa), 
or glycerol (Serratia ATCC39006) as the carbon source. Phosphate-limited cultures were supplied 
with 1.6 x 10-2 M NH4Cl, 7.3 x 10
-6 M KH2PO4 and 3.4 x 10
-6 M K2HPO4 (16 mM N, 10 µM total 
P). Nitrogen limited cultures were supplied with 2 x 10-4 M NH4Cl, 4.7 x 10
-3 M KH2PO4, and 2.3 
x 10-3 M K2HPO4 (200 µM N, 7 mM total P). A modified version of Aquil trace metals (37) 
containing 1 x 10-5 M Fe and 1 x 10-4 M EDTA was also added. The medium was buffered at pH 
7 with 25 or 50 mM MOPS. N- and P-limited media were designed assuming cellular quotas were 
roughly Redfieldian (38) and were refined empirically to yield a max OD500 of ~ 0.1 under both 
conditions (200 µM N and 10 µM P yielded approximately equal ODs, N:P of 20). The growth 
medium was prepared in acid-cleaned bottles and sterilized via filtration (Stericup, Millipore 
Sigma). Cultures were maintained as freezer stocks, streaked onto LB plates and then grown 
overnight in experimental medium before the start of experiments, conducted using a Sartorius 
Biostat QPlus chemostat system. The entire chemostat system including all tubing and sensors was 
assembled and autoclaved, ~500 mL of growth medium was then pumped into sterile vessels. 
Experiments commenced with the inoculation of ~60 mL of overnight culture and were conducted 
at 30C (P. aureofaciens, P. fluorescens P. chlororaphis, B. thailandensis, Serratia ATCC39006) 
or 37C (P. aeruginosa) with constant aeration and mixing. Chemostats were allowed to 
equilibrate at each dilution rate until pH, redox, and O2 were stable (generally ≥ 12 hours) before 
sampling. Aliquots were withdrawn aseptically and OD at 500 nm was measured by 
spectrophotometry (Beckman DU 640). Dilution rates were determined using the medium flow 
rate and the exact culture vessel volume (determined gravimetrically at the end of each experiment) 
and are considered equivalent to growth rates (µ) at steady state.  
 
For metabolite detection, 1 mL of culture was centrifuged, the supernatant was filtered (0.22 µm, 
Corning Costar Spin-X centrifuge filter) and frozen for later analysis. To quantify prodigiosin, 
which is cell associated, Serratia cell pellets were extracted overnight in ethanol+0.1% formic 
acid, reported concentrations are normalized assuming 1x109 cell mL-1 OD-1. Phenazines were 
measured using a Waters LC-MS (Waters e2695 Separations Module fitted with 2998 PDA 
Detector) on a C18 column (XBridge, 3.5 µm, 2.1 x 50 mm) at a flow rate of 0.5 mL min-1 with a 
gradient of water + 0.04% NH4OH to 70% acetonitrile + 0.04% NH4OH with a constant 
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background of 2% methanol over 20 minutes. Concentrations were determined using the extracted 
absorbance at 364 nm and comparison to a standard curve. Prodigiosin and bactobolin were 
detected using a Quadrupole Time of Flight MS (Q-TOF, Xevo G2-XS, Waters) with a C18 
column (Waters Acquity CSH, 1.7 µm, 2.1 x 100 mm). Samples were run with a gradient of water 
+ 0.1% formic acid to acetonitrile + 0.1% formic acid at a flow rate of 0.4 mL min-1 over 5 minutes. 
Prodigiosin identity and concentration was determined by comparison to a standard curve. 
Bactobolin identity was confirmed via MS/MS targeting m/z 383.1 (bactobolin A) and m/z 454.1 
(bactobolin B), column and run conditions were as above. We observed parent masses of m/z 
383.0837 and m/z 454.1268 both with a fragment ion of m/z 312.0504, in agreement with (39).  
 
Strain construction 
To construct unmarked deletions of phoB in Pseudomonas fluorescens 2-79 and Pseudomonas 
chlororaphis PCL1391, ~1 kb fragments upstream and downstream of phoB were PCR amplified, 
joined with the suicide vector pMQ30 (40) (digested with SacI and HindII) via Gibson assembly 
(41) and electroporated into E. coli DH10B. Transformants were plated on LB with gentamicin 
(20 µg mL-1). The presence of the correct construct was verified via PCR and was introduced into 
Pseudomonas wild type strains using triparental conjugation. Merodiploid transformants were 
selected on Vogel-Bonner medium (VBMM, (42)) containing gentamicin (20 µg mL-1) followed 
by counter selection on sucrose medium (5 g L-1 yeast extract, 10 g L-1 tryptone, 100 g L-1 sucrose). 
Colonies in which homologous recombination was successful were identified via PCR. 
 
P. fluorescens and P. chlororaphis were complemented using the method described by (42). The 
deleted locus as well as a 200 base pairs upstream region containing a predicted PHO box and the 
downstream intergenic region was amplified by PCR and joined with the shuttle vector pUC18T-
mini-Tn7T (digested with SacI and HindII) via Gibson assembly and introduced into E. coli 
DH10B via electroporation. Transformants were plated on LB containing gentamicin (20 µg mL-
1). The appropriate complementation construct was introduced into P. fluorescens and P. 
chlororaphis phoB mutants via tetraparental conjugation. Conjugants were selected on VBMM 
medium containing gentamicin (20 µg mL-1). The integration of the complemented phoB sequence 
at the chromosomal attTn7 site was verified using two sets of PCR primers designed to glmS (see 
(42)) and to phoB. 
 
Abiotic experiments 
Two-line ferrihydrite (herein hydrous ferric oxide, HFO) was synthetized by rapid addition of 
KOH to Fe(NO3)3 as described by (43). Fe precipitates were concentrated via centrifugation (30 
min at 18,000 x g) and then dialyzed for 4 days, collected by centrifugation (30 min at 18,000  
x g), air dried, and stored at -80C. X-ray diffraction analysis showed two broad peaks at 2.6 and 
1.7 Å, consistent with 2-line ferrihydrite (data not shown). For phosphate adsorption, 80 mg of 
HFO was incubated for a minimum of 48 hours in 50 mL of 20 mM K2HPO4 adjusted to pH 6. 
Incubations were performed in an O2-free chamber (Coy laboratory products). Preliminary 
experiments suggested that the majority of P adsorption occurred within 48 hours and ~1.2-1.8 
mmole of phosphate was adsorbed g-1 HFO (Fig. S3). Owing to the inherent heterogeneity of 
amorphous Fe oxides, phosphate adsorption can vary greatly, but these findings are consistent with 
those from similar studies (for example, (44, 45)). At the start of experiments phosphated HFO 
(HFO-P) particles were pelleted (10 min at 6,800 x g), washed twice with 10 mM KCl at pH 6, re-
suspended in 40 mL of 10 mM KCl, and aliquoted for experimental manipulations. Reduced 
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phenazines were obtained via reduction with hydrogen and palladium. Experiments commenced 
with the addition of reduced phenazines (100 µM final concentration). After 5 hours of incubation, 
a 1 mL sample was withdrawn, HFO-P particles were pelleted (13000 x g for 5 mins) and 
supernatants were filtered (0.22 µm, Corning Costar Spin-X centrifuge filter). Soluble phosphorus 
was determined using Inductively Coupled Plasma Mass Spectrometry (Agilent 8800 Triple 
Quadrupole ICP-MS) run in mass shift mode. Concentrations were determined by comparison to 
a standard curve. Fe(II) was measured using the Ferrozine assay (46). 2 mM Ferrozine was 
prepared in 100 mM HEPES at pH 6 and mixed with samples and standards. Color was developed 
for 1 hour at 37 C before measurements of absorbance at 562 nm. Experiments were carried out 
using a BioTek Synergy 4 plate reader housed inside an anoxic chamber.  
 
P. aeruginosa and D. japonica growth on HFO-P  
For analysis of Pseudomonas growth on HFO-P with exogenous phenazines, a Pseudomonas 
aeruginosa mutant unable to make phenazines (∆phzA-G1, ∆phzA-G2 (47)) was grown in P-free 
succinate medium (described above except: 20 mM KNO3 was added instead of NH4Cl, MOPS 
was omitted, and Fe was added as 5 µM FeCl2 ). Cells were acclimated to denitrifying conditions 
by overnight growth in an anoxic chamber in the described nitrate rich medium. At the start of 
experiments, cells were inoculated into experimental treatments and grown at 37˚C with constant 
shaking in a plate reader inside an anoxic chamber. Growth was tracked using absorbance 
measurements at 500 nm taken every hour. The preparation of HFO-P was similar to that for 
abiotic experiments. Briefly, 80 mg HFO was equilibrated under anoxic conditions for >48 hours 
in 40 mL of solution containing 20 mM K2HPO4 and 10 mM KCl, adjusted to pH 6. This slurry 
was centrifuged (10,000 x g for 10 minutes), washed once with pH 6 KCl, centrifuged again and 
diluted 4X in P-free medium, 10 mL aliquots of the resulting slurry were used to create various 
experimental treatments and final growth experiments were conducted using 200 µL aliquots. P 
(when added) was added at a final concentration of 7 mM.  
For experiments testing the growth benefits of endogenous phenazine production, the wild 
type strains P. aeruginosa UCBPP-PA14 and Dyella japonica UNC79MFTsu3.2 as well as mutant 
strains unable to make phenazines: P. aeruginosa ∆phzA-G1, ∆phzA-G2 (47) and D. japonica 
∆phzT (27) were acclimated for 24 (P. aeruginosa) or 48 (D. japonica) hours in P-limited (10µM 
P) medium and then inoculated into acid-cleaned glass test tubes at an OD of 0.03 (P. aeruginosa) 
or 0.05-0.06 (D. japonica) in a 5 mL volume. Growth medium for P. aeruginosa was the same as 
used in continuous culture experiments only without MOPS or EDTA. D. japonica was grown 
with glucose as the carbon source (as described for continuous culture experiments) but with the 
addition of MEM essential amino acids (Sigma, M5550) and the omission of MOPS and EDTA. 
For D. japonica, plate reader experiments were also conducted under P replete conditions without 
HFO-P (Fig. S2C), here the growth medium was as described for P-replete continuous culture 
experiments with glucose as the carbon source, plus MEM amino acids and 5 mM ammonium. 
HFO-P preparation was similar to that described above: particles were centrifuged, washed 
once with KCl, and diluted 4X in a growth medium without any added phosphate, 10 µM Fe (as 
FeCl3) was added immediately before experiments commenced. For high P experiments, 
phosphate was added at a final concentration of 1 mM immediately before the start of experiments. 
Cultures were grown at either 30˚C (D. japonica) or 37˚C (P. aeruginosa) and shaken at 250 rpm 
in ambient O2 conditions. At each time point, cultures were vortexed and optical density was 
measured via absorbance at 500 nm. Following this, cultures were allowed to sit statically for 1 
hour and 300 µL (without agitation) was withdrawn for Fe(II) measurements via the Ferrozine 
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assay. Samples were centrifuged and 0.2 µm filtered before being assayed. Sampling was 
conducted in ambient air but centrifugation, filtration, and Ferrozine assays were conducted in an 
anoxic Coy chamber. The phenazine pyocyanin has an absorbance that overlaps with the Fe(II) 
Ferrozine complex (562 nm) and while slight elevation in absorbance at 562 nm was observed in 
P. aeruginosa wild type cultures, it was not significantly higher than that of control samples run 
in HEPES buffer without Ferrozine, thus while modest Fe(II) accumulation may occur in these 
samples, it is likely minimal (a few micromolar at most). In contrast, Fe(II) clearly accumulated 
in D. japonica supernatants (Fig. S2A). 
Phenazine production was visibly detectable in wild type cultures of both species and was 
verified by LC-MS. For P. aeruginosa pyocyanin was detected by LC-MS (as described above) 
and verified with a standard. For D. japonica, the presence of myxin (m/z 259.1) and a myxin 
derivative with m/z 243.1 was confirmed via the presence of the expected masses accompanied by 
a characteristic absorbance signal at 280 nm and the absence of these masses in mutant 
supernatants. LC-MS conditions for myxin were as stated for other phenazines, only acidic (0.1% 
formic acid) water (as buffer A) and acetonitrile (as buffer B) were used. Notably, while pyocyanin 
was detected throughout growth, myxin was only detected at early time points; the myxin 
derivative was observed throughout experiments, possibly in keeping with the scheme proposed 
by (48) where hypoxic conditions permit the full conversion of myxin through a radical 
intermediate to the derivative m/z 243.1.  
D. japonica experiments were highly sensitive to initial starting conditions and small 
differences in the inoculum used in pre-growth affected the extent of the advantage conveyed by 
phenazine production (compare Fig. 3C, Fig. S2B). Like other phenazines, myxin and its 
derivatives should generate reactive oxygen species (ROS) via Fenton chemistry, which would be 
expected to occur in the presence of Fe-oxides. Potential phenazine toxicity may in fact be reflected 
in Fig. S2B where phenazine mutants show a growth advantage in P-replete conditions with HFO-
P. As such, the benefits of P acquisition afforded by phenazine production (not just for D. japonica 
but also for P. aeruginosa) may be tempered by the effects of ROS. Secondary metabolite 
production in D. japonica is also not as well studied as it is in P. aeruginosa, and it appears that 
the D. japonica phenazine mutants may still make a reductant (note Fe(II) accumulations in phzT 
mutants, Fig. S2A). Given this, our observations of enhanced growth in the wild type may actually 
underestimate the effect. It is also notable that the conversion of myxin to its derivative m/z 243.1 
is reportedly sensitive to oxygen tensions (48), with a radical intermediate molecule being oxidized 
back to myxin when oxygen is high and fully converted to the derivative when oxygen is low. 
Thus, small changes in cell density and/or respiration rates might disproportionately affect which 
phenazines are present and the ways in which they react with Fe-oxides, possibly leading to the 
experimental variability that we observe.  
 
Environmental sample collection and manipulations 
Soils from a visibly iron-rich bank on Catalina Island and adjacent seawater were collected from 
33° 26.1008' N, 118° 30.1868' W on August 6th 2019 (Site 1). Sediments and overlying water 
samples were also collected from Catalina Island on August 6th and October 22nd, 2019 at 33° 
25.7952' N, 118° 30.2765' (Site 2). Samples from Site 1 were maintained at 21C for 9 days before 
being aliquoted into serum vials. Following collection, samples from Site 2 were immediately 
homogenized and 1 g of sediment was placed into sterile, acid cleaned serum vials and covered 
with 25 mL site water. After sediment/soil additions to serum vials, all samples were incubated 
overnight at 21C, sparged with N2 gas and incubated overnight again before the addition of 
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reduced or oxidized phenazines (100 µM final concentration). Phenazine solutions were prepared 
in 10 mM KCl at pH 7 and made anoxic via sparging with N2. Reduced phenazines were obtained 
using either hydrogen and palladium (August experiments) or controlled potential bulk electrolysis 
(October experiments) and were sparged with N2 before being used for experiments. KCl solution 
was added to control experiments to account for changes in volume. For ethanol killed 
experiments, sediments were soaked in 70% ethanol. After 24 hours, ethanol was decanted and 
lyophilized. To ensure that any organic compounds that might have been extracted in the ethanol 
were not lost (thus potentially biasing the experiment) the vessel used for lyophilization was rinsed 
with a small volume of overlying water which was then added back to serum vials (for a total of 
25 mL overlying water). Vials were then treated as above. All sampling was conducted in an anoxic 
chamber. Briefly, 1 mL of sediments slurry was withdrawn with a syringe and samples were treated 
as in abiotic experiments (centrifugation followed by filtration). For measurements of reduced 
PCA, the filtration steps were excluded as preliminary experiments showed retention of phenazines 
on 0.22 µm filters. Instead, samples were pelleted and reduced PCA in supernatants was quantified 
immediately via fluorescence (49) using a plate reader (BioTek Synergy 4) inside an anoxic 
chamber. Soluble phosphorus was determined by ICP-MS and Fe(II) was measured using the 
Ferrozine assay (described above). Sulfide was tested at the end of experiments using the Cline 
assay (data not shown (50)). Briefly: to precipitate sulfide, 500 µL of sediment slurry was mixed 
with 500 µL of 500 mM zinc acetate dihydrate and samples were stored for later analysis. 
Preserved sediment slurries were then mixed with N,N-dimethyl-p-phenylenediamine 
dihydrochloride (0.5 mM final concentration) and FeCl3·6H2O (1.2 mM final concentration) and 
color formation was tracked via absorbance at 670 nm on a BioTek Synergy 4 plate reader. 
 
For carbon manipulation experiments, samples collected on Oct 22, 2019 at Site 2 were sparged 
with N2 as above and incubated at 21C for 2 weeks without any additions. At this time, samples 
were treated with i) a mixture of glucose and lactate (10 mM final concentration of each) and 
oxidized PCA (100 µM final concentration) or ii) oxidized PCA (100 µM final concentration) 
alone. The accumulation of reduced PCA was determined as described above. Abiotic control 
experiments were also conducted without sediments but with filtered overlying water, glucose and 
lactate, as well as oxidized PCA, and did not show any PCA reduction. Sulfide was tested in these 
experiments (as above) and was not detected, suggesting SRB were not involved in PCA reduction. 
 
For extractable iron and phosphorus concentrations, sediments were dried at 50C until they 
obtained a stable mass and subsequently homogenized with a mortar and pestle. 1 g of dry soil was 
placed in a polypropylene DigiTUBE (SCP science) with 5 mL undiluted nitric acid and incubated 
on a hot plate at 95C for 6 hours. Supernatants were decanted, diluted, filtered and analyzed by 
ICP-MS (phosphorus as above, iron also in mass shift mode). Iron and phosphorus concentrations 
in nitric acid blanks passed through the same digestion process were below detection limits (~ 2 
ppb for Fe, ~ 1 ppb for P) and samples spiked with phosphorus showed a recovery of 117% ± 0.1% 
across triplicates (recoveries >100% are likely due to slight evaporation during hot plate digestion). 
Overlying water samples were diluted 20-fold and analyzed directly with MS methods described 
above and P concentrations were <0.5 µM for all sites. 
 
Statistical analyses  
All statistical tests were conducted using R (51). Data normality was verified with the Shapiro-
Wilk normality test. We checked for significant differences between soluble phosphorus 
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concentration at the initial time point in each experiment using a one-way ANOVA (aov function, 
soluble phosphate ~ treatment). Ethanol treatments from Site 2, sampled in October (biological 
suppression experiments) showed significantly higher initial phosphorus levels (p≤ 0.01) and were 
excluded from further phosphorus analysis. The evolution of phosphorus over time for each 
replicate was then calculated by difference to the initial time point (Figs. 4, S4). For phosphorus 
solubilization, where we had no clear expectation of evolution over time, one-way ANOVA tests 
(aov function, soluble phosphate ~ treatment) with Tukey posthoc corrections (TukeyHSD, 
confidence.level=0.95) were conducted across treatments (all treatments shown in Fig. S4) at each 
time point, p values are indicated on Figs. 4, S4. If this analysis is conducted as a two-way ANOVA 
for treatment by time (treatment*time), differences indicated on Figs. 4, S4 are still significant 
(p<0.1 for the 5-hour time point in Site 2 August experiments, p<0.05 – p< 0.0001 for 144-336 
hour time points in October experiments). For biological stimulation and suppression experiments 


































Fig. S1. Chemostat experiments. (A) Chemostat experiments with Burkholderia thailandensis 
E264 suggest that bactobolin production is regulated by phosphate in this organism. Data reported 
are for bactobolin A, but bactobolin B was also detected and showed similar trends (data not 
shown). Consistent with previous studies (52, 53) prodigiosin production in Serratia ATCC39006 
is increased under phosphate limitation. (B) Pseudomonas chemostat experiments. Data from 
Experiment 2 are the same as Fig. 2A. Reported growth rate (µ) is the dilution rate, the two are 
equivalent at steady state. The range of ODs across chemostats for each experiment  standard 
deviation is listed. Previous studies have reported an effect of growth rate on phenazine production 
in P. aeruginosa (4, 21). Initial (Exp 1) experiments with P. chlororaphis utilized 50 mM MOPS, 
which exhibited slight toxicity and was reduced to 25 mM in later experiments, possibly explaining 
the differences in PCN concentrations between experiments with this organism. Phenazines 
produced are PCA: phenazine-1-carboxylic-acid; PCN: phenazine-1-carboxamide; PYO: 






Figure S2. Growth of P. aeruginosa and D. japonica wild type and phenazine null mutants. 
(A) Fe(II) accumulations in D. japonica wild type and mutant supernatants. Data correspond to 
growth experiments shown in Fig. 3C. Fe(II) was also measured in P. aeruginosa supernatants but 
was negligible (see Methods). Significant differences for two-tailed t-tests are shown: 
*p<0.05,**p<0.005,***p<0.001 (B) Growth of wild type and mutant strains on HFO-P (blue, 
black lines) and HFO-P with 1mM added phosphate (purple, pink lines), demonstrating P 
limitation. For P. aeruginosa, HFO-P data are the same as Fig. 3C. Dyella data represent a 
replicate experiment and demonstrate the variability of the growth advantage observed in the wild 
type (compare with Fig. 3C, see Methods). (C) Growth of D. japonica wild type and mutant strains 
(plate reader data, average  SD of 5 replicates) in P-replete medium without HFO-P reveal no 


























Fig. S3. Preliminary phosphate adsorption experiments. Adsorption of different concentrations 
of phosphate at pH 5-8. Experiments were conducted in 10 mM KCl with the indicated amount 
phosphate (as K2HPO4) at pH 5-8. Buffers were not used due to concerns about interference with 
adsorption and downstream reductive dissolution experiments. Soluble P (0.22 µm filtered) was 
measured by ICP-MS. Experiments were conducted with 10 mg HFO in 5 mL of 10 mM KCl. In 
our 20 mM phosphate incubations ~1.2-1.8 mmole P was absorbed g-1 HFO, which is consistent 




Fig. S4. Phenazines solubilize P in marine sediments. Phosphorus solubilization in Catalina 
Island sediments incubated with oxidized PCA, reduced PCA, oxidized 1-OH-PHZ, reduced 1-
OH-PHZ, or no addition. Data correspond to experiments conducted using sediments from Site 2 
collected in August and October. Y-axis corresponds to the difference in total phosphorus (ICP-
MS) from the initial time point, grey lines depicts no change. See Fig. S5 for raw phosphorus data. 
Plots reflect data from 4 or 5 replicates, data points >1.5x the interquartile range are represented 
as single black dots. A one-way ANOVA was conducted across all treatments (see Methods) at 
each time point. For clarity, only significant differences between the control (no addition) and 




Fig. S5. Soluble phosphorus accumulations in Catalina Island sediments. Total soluble (0.22 
µm filtered) phosphorus from Catalina Island sediments incubated with oxidized PCA, reduced 
PCA, oxidized 1-OH-PHZ, reduced 1-OH-PHZ, or no addition. Data correspond to experiments 
conducted using sediments from Site 1 collected in August or from Site 2 collected in August and 
October. Colors indicate different replicates and are arbitrary. Blue line indicates the average 




Fig. S6. Soluble Fe(II) accumulations in Catalina Island sediments. Fe(II) concentration 
measured (by Ferrozine assay) in 0.22 µm filtered supernatants from Catalina Island sediments 
incubated with oxidized PCA, reduced PCA, oxidized 1-OH-PHZ, reduced 1-OH-PHZ, or no 
addition. Data correspond to experiments conducted using sediments from Site 1 collected in 
August or from Site 2 collected in August and October. Box and whisker plots reflect data from 4 
or 5 replicates, data points >1.5x the interquartile range are shown as single black dots. Fe(II) 
measurements are notably noisy and may reflect both dynamic re-adsorption at mineral surfaces 
as well as experimental artifacts due to interference from high concentrations Fe(III), a known 
problem with the Ferrozine assay (54).  
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Phyla Species 
Alt. Species Name 
Used in Tree Metabolite Type Note Citation 
Actinobacteriota Corynebacterium hydrocarboclastus Corynebacterium sp. corynecin chloramphenicol  (55) 





Actinobacteriota Proactynomces fructiferi  ristomycin aminoglycoside  (5) 
Actinobacteriota 
Proactynomces fructiferi var 
ristomycin  ristomycin aminoglycoside  (5) 
Actinobacteriota Streptomyces acrimycini JI2236  candicidin polyene macrolide  (57) 
Actinobacteriota Streptomyces antibioticus  antimycin antimycin  (58) 
Actinobacteriota Streptomyces antibioticus  oleandomycin macrolide  (5) 
Actinobacteriota Streptomyces aureofaciens 
Kitasatospora 
aureofaciens ayfactin (AYE) polyene macrolide  (59) 
Actinobacteriota Streptomyces aureofaciens 
Kitasatospora 
aureofaciens chlortetracycline tetracycline  (60) 
Actinobacteriota Streptomyces avermitilis  avermectin macrolide PHO (61) 
Actinobacteriota Streptomyces cattleya   thienamycin ß -lactam  (62) 
Actinobacteriota Streptomyces clavuligerus  cephamycin ß -lactam  (63) 
Actinobacteriota Streptomyces clavuligerus  clavulanic acid ß -lactamase inhibitor  (63) 
Actinobacteriota Streptomyces coelicolor A3(2)  actinorhodin benzoisochromanequinone  (64, 65) 
Actinobacteriota Streptomyces coelicolor A3(2)  undecylprodigiosin prodiginines (tripyrrole)  (64) 
Actinobacteriota Streptomyces coelicolor M145  actinorhodin benzoisochromanequinone PHO (66, 67) 
Actinobacteriota Streptomyces coelicolor M145  prodigiosin prodiginines (tripyrrole) PHO (66, 67) 
Actinobacteriota Streptomyces fradiae  neomycin aminoglycoside  (5) 
Actinobacteriota Streptomyces fradiae  tylosin macrolide  (68) 
Actinobacteriota Streptomyces griseolus  A9145 (sinefungin) nucleoside  (69) 
Actinobacteriota Streptomyces griseus  candicidin polyene macrolide PHO likely 
(70) PHO: 
(71, 72) 
Actinobacteriota Streptomyces griseus  cyclohexamide glutarimide  (73) 
Actinobacteriota Streptomyces griseus  grixazone phenoxazine  (74) 
Actinobacteriota Streptomyces griseus  streptomycin aminoglycoside  (75) 
Actinobacteriota Streptomyces hygroscopicus  geldanamycin benzoquinone PHO (76) 
Actinobacteriota Streptomyces jamaicensis  monamycin cyclic depsipeptide  (77) 
Actinobacteriota Streptomyces kanamyceticus  kanamycin aminoglycoside  (78) 
Actinobacteriota Streptomyces levoris  levorin polyene macrolide  (79) 
Actinobacteriota Streptomyces lividans  actinorhodin benzoisochromanequinone PHO (24) 
Actinobacteriota Streptomyces lividans  undecylprodigiosin prodiginines (tripyrrole) PHO (24) 
Actinobacteriota Streptomyces natalensis  pimaricin (natamycin) polyene macrolide PHO (80) 
Actinobacteriota Streptomyces niveus  
novobiocin 
(albamycin, 
cathomycin) aminocoumarin  (81) 
Actinobacteriota Streptomyces nodusus Streptomyces nodosus amphotericin polyene macrolide  (5) 
Actinobacteriota Streptomyces noursei  nourseothricin aminoglycoside  (82) 
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Actinobacteriota Streptomyces noursei  nystatin polyene macrolide  (5) 
Actinobacteriota Streptomyces orientalis 
Amycolatopsis 
orientalis vancomycin glycopeptide  (83) 
Actinobacteriota Streptomyces rimosus  oxytetracycline tetracycline PHO likely 
(84) PHO: 
(85) 
Actinobacteriota Streptomyces rosa  nanomycin benzoisochromanequinone  (86) 
Actinobacteriota Streptomyces tendae  nikkomycin petidyl nucleoside  (87) 
Actinobacteriota Streptomyces tsukubaensis 
Streptomyces 
tsukubensis tacrolimus macrolide  (88) 
Actinobacteriota Streptomyces venezuelae  jadomycin benzoxazolophenanthridine  (89) 
Actinobacteriota Streptomyces viridoflavus  candidin polyene macrolide  (5) 
Actinobacteriota Streptoverticillium mycoheptinicum  mycoheptin polyene macrolide  (5) 
Actinobacteriota Streptoverticillium rimofaciens  mildiomycin nucleoside  (90) 
Firmicutes Bacillus brevis 
Aneurinibacillus 
migulanus gramicidin S polypeptide  (91) 
Firmicutes Bacillus circulans  butirosin aminoglycoside  (5) 
Firmicutes Bacillus licheniformis  bacitracin polypeptide  (92) 
Firmicutes Bacillus polymyxa 
Paenibacillus 
polymyxa polymyxin (colistin) polypeptide  (93) 
Proteobacteria Burkholderia thailandensis E-264  bactobolin actinobolin/bactobolin  
This study: 
Fig. S1 
Proteobacteria Dyella japonica  myxin phenazine  (27) 
Proteobacteria Pseudomonas aeruginosa   pyocyanin phenazine  (19) 
Proteobacteria Pseudomonas aeruginosa ATCC10145  pyocyanin phenazine  (4) 
Proteobacteria Pseudomonas aeruginosa PAO1  pyocyanin phenazine  (21) 
Proteobacteria Pseudomonas aeruginosa SCV 20265  pyocyanin phenazine PHO (23) 
Proteobacteria Pseudomonas chlororaphis P3  
phenazine-1-
carboxamide phenazine  (22) 
Proteobacteria Pseudomonas chlororaphis PCL1391  
phenazine-1-
carboxamide phenazine  (94) 
Proteobacteria Pseudovibrio sp. FO-BEG1  tropodithietic acid tropolone  (95) 
Proteobacteria Serratia ATCC39006  carbapenem ß -lactam PHO (53, 96) 




Proteobacteria Serratia marcescens  prodigiosin prodiginines (tripyrrole)  (52) 
Table S1. Species with documented P regulation of secondary metabolite production. In some cases, a reference to a compilation (5) 
is given when original papers could not be independently verified. Some species did not have representative sequences in the SILVA 
database and are absent from Fig. 1A. “PHO” indicates experimental evidence for involvement of phoB/P or phoR in metabolite 
production. “PHO likely” indicates experimental verification of PHO box transcription without direct verification of phoB/P or phoR 
involvement.   
 16 
Name Description Source 
Wild type strains   
Burkholderia thailandensis E264 Wild type DSM 13276 
Dyella japonica UNC79MFTsu3.2 Wild type (97) 
P. aeruginosa UCBPP-PA14 Wild type DKN263 
P. aureofaciens 30-84 Wild type DKN183 
P. chlororaphis PCL1391 Wild type DKN100 
P. fluorescens 2-79 Wild type DKN240 
Serratia ATCC39006 Wild type ATCC39006 
   
Deletion strains   
Dyella japonica UNC79MFTsu3.2 ∆phzT (27) 
P. aeruginosa UCBPP-PA14 ∆phzA-G1, ∆phzA-G2 (47) 
P. chlororaphis PCL1391 ∆phoB This study 
P. chlororaphis PCL1391 ∆phoB complemented at the attTn7 site  This study 
P. fluorescens 2-79 ∆phoB This study 
P. fluorescens 2-79 ∆phoB complemented at the attTn7 site  This study 
   
E. coli strains   
DH10B Used for routine cloning  
SM10 λpir Helper strain (carries pTNS1) (42) 
HB101 Helper strain (carries pRK2013) (42) 
   
Plasmids   
pMQ30 





Helper plasmid for integration at attTn7 





Helper plasmid for integration at attTn7 





























LC: overlap with PMQ30, UC: 
complementary to 5´ of P. 







LC: overlap with downstream region, 
UC: complementary to 3´ of P. 








LC: overlap with upstream region, 
UC: complementary to 5´ of P. 








LC: overlap with PMQ30, UC: 
complementary to 3´ of P. 




PC phoB F aattcgatcatgcatgagctGCGCAGCGCTCAGCAACA 
LC: overlap with pUC18T-mini-Tn7T, 
UC: complementary to P. 




PC phoB R ttcgcgaggtaccgggcccaTTAACACGCGTCCTTGTAAGCGTC 
LC: overlap with pUC18T-mini-Tn7T, 
UC: complementary to P. 







LC: overlap with PMQ30, UC: 
complementary to 5´ of P. fluorescens 







LC: overlap with downstream region, 
UC: complementary to 3´ of P. 








LC: overlap with upstream region, 
UC: complementary to 5´ of P. 








LC: overlap with PMQ30, UC: 
complementary to 3´ of P. fluorescens 




PF phoB F aattcgatcatgcatgagctCCGCCGTAACCAGCAGGG 
LC: overlap with pUC18T-mini-Tn7T, 
UC: complementary to P. fluorescens 




PF phoB R ttcgcgaggtaccgggcccaTTAAACATGCGTCCTTGTCAGCTG 
LC: overlap with pUC18T-mini-Tn7T, 
UC: complementary to P. fluorescens 




Table S3. Primers used in strain construction. 
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